ABSTRACT The layer operation system has a pyramidal structure in which the grandparent stock (GPS) is at the top, followed by the parent stock (PS), and commercial chickens (CC) that produce eggs at the bottom of the pyramid. Unfortunately, this vertical integration of the layer industry allows the transfer of Escherichia coli (E. coli) to the next step. The objective of this study was to genetically characterize and investigate the prevalence of third-generation cephalosporinresistant E. coli at all levels of the layer operation system in Korea. A total of 561 E. coli samples were tested in this study, and antimicrobial resistance to thirdgeneration cephalosporin, cefotaxime, and ceftazidime gradually increased from GPS to CC. Fifty-one (9.1%) isolates produced β-lactamase genes: GPS harbored bla TEM-1 (1 isolate) or bla CMY-2 (2 isolates) genes; PS harbored bla TEM-1 (7 isolates) or bla CMY-2 (6 isolates) genes; CC harbored bla CTX-M-1 (1 isolate), bla CTX-M-14 (1 isolate), bla TEM-1 (13 isolates), bla CTX-M-14+TEM-1 (7 isolates), or bla CMY-2 (4 isolates) genes; and eggs harbored bla CTX-M-1 (2 isolates), bla (1 isolate), bla TEM-1 (3 isolates), or bla CMY-2 (3 isolates) genes. Pulsed-field gel electrophoresis (PFGE) analysis was performed on the 51 β-lactamase-producing E. coli isolates. In PFGE, E. coli included 7 PFGE patterns showing the same production stage and exhibited both β-lactamase genes and the antimicrobial resistance pattern. Our findings suggest that there is a critical need for comprehensive surveillance of third-generation cephalosporin-resistant E. coli at all levels of the layer-production pyramid and provide important considerations for the control of infection in large-scale layer operations in Korea.
INTRODUCTION
Escherichia coli (E. coli) is a common commensal organism in humans and animals with some opportunistic pathogen strains and is responsible for a wide range of infections (Agabou et al., 2016) . Escherichia coli is considered an excellent indicator of antimicrobial resistance because it is part of the normal microbiome of humans and animals and also occurs in the environment (Aarestrup et al., 2008) .
The misuse of antimicrobials in food animal production, including poultry production, raises a major public health concern with regard to antimicrobial resistance in microorganisms (Aarestrup et al., 2008; Silbergeld et al., 2008) . In particular, β-lactam antibiotics are widely used for the treatment of bacterial infections in both human and veterinary medicines (Moulin et al., 2008) . In recent years, the prevalence of C 2018 Poultry Science Association Inc. Received July 29, 2018. Accepted October 13, 2018. 1 Corresponding author: youngju@knu.ac.kr extended-spectrum β-lactamase (ESBL)-and plasmidmediated AmpC (pAmpC) β-lactamase-producing E. coli has been increasing in humans and animals (Overdevest et al., 2011; Ewers et al., 2012) . These β-lactamases mediate resistance to β-lactam antimicrobials, including penicillins and extended-spectrum cephalosporins such as third-and fourth-generation cephalosporins (Carattoli, 2009) .
The layer operation system of poultry production has a pyramidal structure in which the grandparent stock (GPS) is at the top, followed by the parent stock (PS), and commercial chickens (CC) that produce eggs at the bottom of the pyramid. A previous study suggested that ESBL and pAmpC β-lactamase bacteria may have spread through the breeding chain from the very top of the breeding pyramid to the bottom (EFSA, 2011) . Although many studies have been conducted regarding the prevalence and characteristics of E. coli in the broiler production pyramid (Dierikx et al., 2013; Mo et al., 2014) , little is known about the prevalence and characteristics of ESBL/pAmpC-producing E. coli in the layer operation system. Notably, in Korea, only 1 company with a layer operation system (comprising GPS, PS, CC, and eggs) exists in the entire poultry industry, and this company uses antibiotics for disease prevention and therapeutic purposes. However, studies on antibiotic resistance in the layer operation system are lacking. Therefore, the objective of this study was to genetically characterize and investigate the prevalence of ESBL/pAmpC-producing isolates at all levels of the layer operation system in Korea.
MATERIALS AND METHODS

Sample Collection
From 2014 through 2018, feces, dust, and eggs were sampled from a layer operation system containing GPS to CC in Korea. Feces and dust from 1 GPS farm with 7 flocks, 4 PS farms with 20 flocks, and 6 CC farms with 30 flocks were sampled longitudinally through the production pyramid. In general, 1 flock was sampled at one time at 20 wk of age, and eggs were collected only from CC.
Processing of Dust and Feces Samples
Feces and dust samples were collected in accordance with the standards set by the National Poultry Improvement Plan (USDA, 2012). Briefly, a sterile surgical gauze swab was moistened with 12 mL of sterile doublestrength skim milk (Fluka, Neu-Ulm, Germany). Fifteen different areas were swabbed per flock in order to collect 10 g of each dust sample. Approximately 10 g of feces was also sampled from 15 different locations. Samples were individually inoculated into 225 mL of mEC (Merck, Darmstadt, Germany) and incubated at 37
• C for 20 to 24 h.
Processing of Eggs
Sixty eggs were collected at the CC farm. All samples were transported to the laboratory in a cooler and stored at 4
• C for further use. Egg surface and contents were processed according to the National Poultry Improvement Plan standards (USDA, 2012) and the Food and Drug Administration Bacteriological Analytical Manual (FDA, 2012) , respectively. Briefly, 20 egg shells were swabbed, and egg contents were pooled (3 swabs and 1 egg content pool/flock). The entire external surface of each egg was swabbed with moistened sterile swabs. The swabs were dipped in 90 mL of buffered peptone water (BD Biosciences, Sparks, MD, USA) and incubated for 18 to 24 h at 37
• C. The eggs were then submerged in a disinfectant consisting of 3 parts 70% alcohol to 1 part iodine (Sigma, St. Louis, MO, USA)/potassium iodide (Sigma) solution for 10 s. The eggs were removed from the solution and allowed to air-dry. Each egg was flame-sterilized at the pointed end and cracked open using a sterile scalpel blade. The contents were poured into a vacuum bag (Sealed Air, Elmwood Park, NJ, USA). The pooled contents of 20 eggs were mixed thoroughly using a sterile tool and gloved hands, until the yolks were mixed completely with the albumen. Samples were incubated at room temperature for 96 ± 2 h. Following this, 25 mL from each sample was transferred to 225 mL of tryptic soy broth (BD Biosciences) supplemented with 7.8 mg of ferrous sulfate (Sigma) and incubated for 24 ± 2 h at 35
• C.
Isolation of E. coli
Pre-enriched mEC or tryptic soy broth media were streaked onto MacConkey agar (BD Biosciences) plates and incubated at 37
• C for 24 h. Five typical colonies from a single sample were selected. To identify E. coli, PCR was conducted as previously described (Candrian et al., 1991) . If isolates from the same origin showed the same antimicrobial susceptibility patterns, only 1 isolate was randomly chosen and included in this study. Therefore, a total of 561 E. coli isolates were tested in this study: 63 from GPS, 183 from PS, 259 from CC, and 56 from eggs.
Antimicrobial Susceptibility Test
All E. coli isolates were investigated for their antimicrobial resistance with the disc diffusion test 
Detection of β-lactamase-encoding Genes
PCR amplification was conducted with primers for bla CTX-M (Pitout et al., 2004) , bla TEM (Briñas et al., 2002) , bla SHV (Briñas et al., 2002) , bla OXA (Briñas et al., 2002) , and pAmpC β-lactamase genes (Pérez-Pérez and Hanson, 2002) . PCR products were sequenced with an automatic sequencer (Cosmogenetech, Seoul, South Korea). The sequences were confirmed against those in the GenBank nucleotide database using the Basic Local Alignment Search Tool (BLAST) program available through the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/BLAST).
Conjugation Assay
To determine the transferability of β-lactamase resistance genes, conjugation assays were performed on 51 β-lactamase-producing E. coli isolates by using the broth mating method, and E. coli J53 was used as the recipient as previously described by Tamang et al. (2012) . Transconjugates were selected on MacConkey agar (BD Biosciences) plates containing sodium azide (100 μg/mL; Sigma) and cefotaxime (2 μg/mL; Sigma). All transconjugants were tested for antimicrobial susceptibility and the presence of β-lactamase genes, as described in the 2 preceding sections.
Pulsed-field Gel Electrophoresis
Pulsed-field gel electrophoresis (PFGE) was performed on the 51 β-lactamase-producing E. coli isolates by digesting their genomic DNA with the XbaI (Takara Bio Inc., Shiga, Japan) enzyme according to a standard protocol from the Center for Disease Control and Prevention (CDC) and using a CHEF-MAPPER apparatus (Bio-Rad Laboratories, Hercules, CA, USA), as previously described (Liu et al., 2007) . Analysis of gel images was performed using the InfoQuest FP software ver. 4.5 (Bio-Rad). The dice coefficient was used for similarity calculation, and the similarity matrix was expressed graphically by an unweighted average linkage (UPGMA).
RESULTS
Antimicrobial Resistance Profiles
The results of the antimicrobial resistance of E. coli isolated from a layer operation system are shown in Figure 1 . The rate of resistance to ampicillin, cephalothin, tetracycline, and nalidixic acid was more than 30.0%, and that to cefepime and imipenem was less than 4.0% without any differences based on the production stage. The rate of resistance to trimethoprimsulfamethoxazole, gentamicin, and chloramphenicol in GPS was 0%, but in the isolates from PS, CC, and eggs, the following trends were observed: trimethoprimsulfamethoxazole (12.5% in PS to 30.6% in eggs), gentamicin (6.0% in PS to 21.6% in eggs), and chloramphenicol (2.7% in PS to 10.8% in eggs). Of note, resistance to cefotaxime and ceftazidime also gradually increased from GPS (6.3% and 7.9%) to eggs (21.4% and 23.2%), respectively.
Characteristics of β-lactamase-producing E. coli
The prevalence and characteristics of thirdgeneration cephalosporin-resistant E. coli are shown in Tables 1 and 2 . Among the 561 E. coli isolates, 143 (25.5%) were identified as third-generation cephalosporin-resistant E. coli. In particular, 51 (9.1%) E. coli isolates harbored β-lactamase genes. Three E. coli isolates from GPS harbored bla TEM-1 (1 isolate) or bla CMY-2 (2 isolates) genes. Thirteen E. coli isolates from PS harbored bla TEM-1 (7 isolates) or bla CMY-2 (6 isolates) genes. Twenty-six E. coli isolates from CC harbored bla CTX-M-1 (1 isolate), bla (1 isolate), bla TEM-1 (13 isolates), bla CTX-M-14+TEM-1 (7 isolates), or bla CMY-2 (4 isolates) genes. Nine E. coli isolates from eggs harbored bla CTX-M-1 (2 isolates), bla CTX-M-14 (1 isolate), bla TEM-1 (3 isolates), or bla CMY-2 (3 isolates) genes. All ESBL/pAmpC-positive isolates were resistant to 7 or more antibiotics, including cephalosporins and non-cephalosporins, and most ESBL/pAmpCpositive isolates exhibited high minimum inhibitory concentrations to cephalosporins.
Conjugation
The β-lactamase resistance phenotype and genes of 16 transconjugants (31.4%) were all transferred to the recipient E. coli strain J53 by conjugation. The characteristics of transconjugants carrying bla TEM-1 , bla CTX-M-1 , bla CTX-M-15 , and bla CMY-2 genes are shown in Table 2 . Each transconjugant showed a similar resistance to cephalosporins. In addition to the cephalosporin resistance phenotype, resistance to non-β-lactam antibiotics was transferred along with β-lactamase genes.
PFGE Analysis
To determine the epidemiological genetic relationships of the 51 β-lactamase-producing E. coli isolates, molecular typing analysis was carried out using XbaIdigested genomic DNA (Figure 2 ). Among the 38 PFGE patterns (PF001 to PT038) divided by 85% similarity, E. coli included 7 PFGE patterns (PF011, PF015, PF017, PF022, PF023, PF031, and PF034) showing the same production stage and exhibited both the resistance to β-lactam antibiotics and the presence of the bla gene.
DISCUSSION
A layer operation system is a vertically integrated production, processing, and distribution system, but this vertical integration allows the transfer of E. coli to the next step. Antimicrobial resistance of bacteria isolated from CC and eggs has been reported worldwide, but the study of GPS, PS, and the whole Figure 1 . Distribution of antimicrobial-resistant E. coli isolated from a layer operation system. GPS, grandparent stock; PS, parent stock; CC, commercial chicken; AM, ampicillin; AMC, amoxicillin-clavulanate; C, chloramphenicol; CAZ, ceftazidime; CF, cephalothin; CFR, cefadroxil; CIP, ciprofloxacin; CTX, cefotaxime; CXM, cefuroxime; CZ, cefazolin; FEP, cefepime; FOX, cefoxitin; G, gentamicin; IPM, imipenem; NA, nalidixic acid; SXT, trimethoprim/sulfamethoxazole; TE, tetracycline. layer operation system remains a relatively new field. This study showed the prevalence of third-generation cephalosporin-resistant E. coli isolated from a layer operation system in Korea and compared the genetic basis of β-lactamase-producing E. coli at each production stage. The present study indicates that the antimicrobial resistance patterns were varied in each layer-production stage, although the rate of resistance to ampicillin, cephalothin, tetracycline, and nalidixic acid was more than 30%, regardless of the production stage. Antimicrobial resistance is attributed to the overuse and misuse of antimicrobial agents for prevention and treatment (Wasfi et al., 2016) , which is consistent with the wide use of various antimicrobial agents at all layerproduction stages in Korea.
Recently, E. coli resistance to cephalosporins has become a serious public health concern worldwide, including Korea (Shaheen et al., 2011; Jo and Woo, 2016) . Cephalosporins, especially third-generation cephalosporins, are considered a critically important class of antimicrobials as they are of very high importance to human medicine (WHO, 2015) . In this study, resistance to third-generation cephalosporins, cefotaxime and ceftazidime, gradually increased from GPS to CC. In general, cephalosporin resistance occurs when bacteria evolve in response to the use of these medicines (Juayang et al., 2015) . In poultry, third-generation cephalosporin ceftiofur is administered in ovo or by subcutaneous injection to 1-d-old future layers (Heinrich et al., 2013) , together with Marek's disease vaccination. McReynolds et al. (2000) reported that the concentrations of ceftiofur and its metabolites present in the feces prevented colonization by susceptible isolates, because in ovo or day-of-hatch subcutaneous antibiotic administration can interfere with the establishment of a competitive exclusion culture. Heinrich et al. (2013) also reported that ceftiofur is rapidly excreted by analysis of a single fecal sample collected 2 d after subcutaneous injection of day-old chickens. In Korea, ceftiofur has been routinely used in the layer pyramid production system, and the regulation of the use of third-generation cephalosporins is required in Korea in a way similar to other countries (Dutil et al., 2010; Schmidt, 2012) . Figure 2 . PFGE patterns of XbaI-digested total DNA of 51 β-lactamase-producing E. coli isolated from a layer operation system. GPS, grandparent stock; PS, parent stock; CC, commercial chicken; AM, ampicillin; AMC, amoxicillin-clavulanate; C, chloramphenicol; CAZ, ceftazidime; CF, cephalothin; CFR, cefadroxil; CIP, ciprofloxacin; CTX, cefotaxime; CVN, cefovecin; CXM, cefuroxime; CZ, cefazolin; EFT, ceftiofur; FEP, cefepime; FOX, cefoxitin; G, gentamicin; IPM, imipenem; NA, nalidixic acid; SXT, trimethoprim/sulfamethoxazole; TE, tetracycline.
Since the introduction of third-generation cephalosporins, ESBL and pAmpC β-lactamase producers have been increasingly reported in Enterobacteriaceae such as E. coli (Overdevest et al., 2011; Ewers et al., 2012) . In particular, bla TEM-1 , bla CTX-M-1 , bla CTX-M-15 , and bla CMY-2 are some of the most prevalent β-lactamase genes in bacterial isolates from food-producing animals in many countries (Smet et al., 2008; Hiroi et al., 2012; Belmahdi et al., 2016) . In our study, ESBL/pAmpC-producing isolates were detected in all layer-production stages with high minimum inhibitory concentrations to most cephalosporins and cross-resistance to other classes of antimicrobial agents. It is especially worrying that ESBL/pAmpC-producing isolates were already present at the top of the production pyramid. In previous studies, the presence of ESBL/pAmpC in the upper levels of the production chain possibly influenced the ESBL/pAmpC status of the lower levels of the chain (Nilsson et al., 2014; Zurfluh et al., 2014) . Therefore, this result indicated that ESBL/pAmpC genes can spread through the layer-production systems in Korea.
In this study, transconjugants expressed similar resistance patterns to first-, second-, and third-generation cephalosporins and revealed the presence of bla TEM-1 , bla CTX-M-1, bla CTX-M-14 , and bla CMY-2 , consistent with observations in a previous study (Shaheen et al., 2011) . Therefore, this result demonstrated that ESBL-and pAmpC-producing E. coli isolates might be widely transmitted in the poultry industry, and the related food products can contribute to the transmission of these genes to humans.
PFGE is a useful method for the characterization of epidemiologically unrelated bacterial strains (Arbeit et al., 1990) . In this study, E. coli included 7 PFGE patterns showing the same production stage and farm origin and exhibited both the resistance to β-lactam antibiotics and the presence of the bla genes. Tamang et al. (2014) and Jo and Woo (2016) also showed by PGFE analysis that E. coli isolated from the same farm were genetically homogeneous. This result indicates the possibility that such similar isolates may contribute to clonal expansion and horizontal transmission in the same farm. In conclusion, it has been demonstrated that third-generation cephalosporin resistance and ESBL/pAmpC-producing isolates are found at every level of the layer-production pyramid. This study is the first investigation of the characteristics of thirdgeneration cephalosporin-resistant E. coli isolates from all levels of the layer operation system. The prevalence of these bacteria in the layer operation system is a cause of serious concern, as the bacteria enter the food chain with high prevalence. Therefore, these data support the critical need for comprehensive surveillance of thirdgeneration cephalosporin-resistant E. coli in all levels of the layer-production pyramid and provide important considerations for the control of infection in large-scale layer operations in Korea.
